This study concerns whether the discrimination of a geometric angle depends on the orientations of its bounding lines or on angle size. In Experiment 1, thresholds for angle discrimination were measured in three observers for angles ranging from 15 to 180 dw,, oriented either vertically or obfiquely. Angle discrimination thresholds were found to depend primarily on angle size for most of the range of angles (angle-dependent, or Weber's law regi'me). However, in a small region near 90 deg (orientatiou-dependent regime) angle discrimination depends on the orientations of the bounding lines. When our data in the angle-dependent regime were fitted with a power function, the exponents were close to or <0.5, suggesting that a step.increment approach was used to calculate angle. In Experiment 2, orientation discrimination thresholds for lines corresponding to the bounding lines of the vertically and obliquely oriented 15, 90 and 165 deg angles were measured.
INTRODUCTION
What are the elements of perception and how are they combined to form an integrated percept of visual stimuli? These are fundamental questions for understanding visual perception. Historically, two extreme theories have been proposed: the structuralist theory that the perception of whole figures is nothing more than the concatenation of primitive perceptual units, and the Gestalt theory that the perception of whole figures is an indivisible entity whose properties are not determined completely from the properties of their components. Both theories have their own supporting evidence [see Treisman (1986) ; Uttal (1981) for reviews]. More recently, an eclectic theory of perceptual representation has been proposed (Biederman, 1987; Palmer, 1977; Ullman, 1989) . This theory synthesizes the holistic and atomistic approaches, postulating numerous levels of representation in the form *College of Optometry, University of Houston, Houston, TX 77204-6052, U.S.A. tPresent address: Department of Psychology, Brooklyn College of CUNY, 2900 Bedford Avenue, Brooklyn, NY 11210, U.S.A. :~To whom all correspondence should be addressed. of hierarchical networks. At each level in a hierarchy, structural units are defined both holistically as a set of global properties and elementally as an organized set of parts. These parts are the structural units at the next-lower level in the hierarchy. The objectas a whole has certain global properties as well as a set of component parts with specific perceptual relationships between them.
The present study concerns the perceptual representation of a simple two-part figure--an angle. Intuitively, the perceptual representation of an angle includes the representation of two lines as sub-parts, each part has its own properties such as orientation and length. But it is also important to realize that some global attributes of angles, i.e. conjunction and area, are not attributes of the component lines. Furthermore, the spatial relations between the parts of an angle are not represented in the properties of its parts. We are especially interested in whether the coding of the size of an angle (a global or relational property) is related to the orientation of the individual lines of an angle. This hypothesis is not unreasonable since once the visual system has extracted the orientation of the two component Iines, it can easily compute the size of an angle by subtracting one orientation from the other. An alternative hypothesis is 1722 s. CHEN and D. M. LEVI that the angular size is represented as a single holistic "chunk", not dependent on the properties of its component parts.
Typically, perceptual representation of visual images has been studied with cognitive approaches, i.e. parsing figures, subjective goodness ratings of parts within figures, etc, or a perturbation technique (Foster, 1982) . We approached the question of perceptual representation of angular size by comparing the performance of angle discrimination and line orientation discrimination. It is well established that our ability to judge the orientation of a stimulus is poorer for obliquely oriented stimuli than for those that are vertical or horizontal (Appelle, 1972) . This orientation discrimination anisotropy, or "oblique effect", has been demonstrated for a wide variety of stimuli (e.g. lines, gratings, and edges) and with different paradigms (Heeley & Buchanan-Smith, 1992; Heeley & Timney, 1988; Orban et al., 1984a,b; Regan & Price, 1986) . The rationale of this experiment is that if angle size is represented by extracting and comparing the orientation of its two component lines, then we should be able to predict the performance of angle discrimination from the orientation discrimination of its two lines.* To be more specific, when the two bounding lines of an angle lie in or close to the horizontal and/or vertical meridian, we would expect angle discrimination to be good, whereas when the two lines lie in or close to an oblique meridian, angle discrimination threshold should be worse. Indeed, this hypothesis has been tested recently using three dots corresponding to the three endpoints of a line-angle (Snippe & Koenderink, 1994) . Snippe and Koenderink reported that their angle discrimination thresholds varied as a function of base angle and stimulus orientation, but their variations can all be understood from the meridional anisotropy for the discrimination of the orientations that define the angle. Therefore, they concluded that observers measure geometric angle (formed by the three dots) by simply comparing the visual orientations that define the angle. However, they also realized that different results might be derived by using angle stimuli made of two lines rather than three dots. For angles made of dots, the virtual line segments may need to form first internally for angle judgment and this requirement may force observers to use a multilocal strategy that analyses the stimulus through its components. For line angles, however, there is both multilocal information at the line segments' endpoints and wholistic information (shape). Consequently, observers may directly wholistically extract the relevant information, instead of analyzing the stimulus components. In this case, angle discrimination may depend on the size of the angle rather than on the line orientations.
In the present study, angles made of two lines rather *Throughout the paper, orientations for both angle as well as the components of angle are defined as the counterclockwise angular rotation from the horizontal, unless specified otherwise. Note that when we refer to an oblique effect of angle discrimination, we mean angle components, rather than the orientation of the angle bisector.
than dots were used as visual stimuli. We describe three experiments in this paper. In Experiment 1, angle discrimination thresholds were measured for a series of angles, with angle stimuli either oriented vertically or tilted. There are two cases that are particular interesting. In one case, two stimuli have the same angle (iso-angle), but their bounding lines are in different meridians. In the other case, two stimuli have a different size of angle, but their bounding lines share the same orientation (isoorientation). These interesting conditions allow us to ask whether angle discrimination depends on the orientations of the bounding lines, or depends on the size of angle, or both. The secondary aim of Experiment 1 is to examine how angle discrimination thresholds vary as a function of angular size (if angle discrimination depends on angle size rather than line orientation). Since Weber's law has been demonstrated for a wide variety of sensory discrimination tasks [see Laming (1986) for a review], it is interesting to see whether angle discrimination also follows Weber's law, i.e. threshold increases as angle size increases. In Experiment 2, discrimination thresholds for line orientation were measured for a range of orientations. The first purpose of Experiment 2 was to verify that observers in this study do show an "oblique effect" for the orientation discrimination of lines. The second aim of Experiment 2 was to predict angle discrimination threshold based on orientation discrimination performance. Experiment 3 serves as a control, in which the orientation of the angle stimulus was randomized. This control is important because Snippe and Koenderink (1994) showed that a trial-to-trial randomization in the overall orientation of the stimulus is essential for measuring angle discrimination (and not discrimination of visual orientation) for angles made of dots.
In contrast to the previous study with dot stimuli (Snippe & Koenderink, 1994) , we found that angle discrimination for lines depends primarily on angle size rather than line orientations for most angles. For a small region near the angle of 90 deg, angle discrimination threshold does show an "oblique effect" at some angles, but the magnitude of the "oblique effect" is far less than that of the line orientation discrimination. Recently, Regan et al. (1996) also measured angle discrimination thresholds with line stimuli, and found that angle discrimination cannot entirely be explained by line orientation discrimination. Their results are compared with ours in the General Discussion.
EXPERIMENT 1: ANGLE DISCRIMINATION

Methods
In Experiment 1, we measured angle discrimination thresholds--the observer's ability to judge whether the angular size of an angle stimulus is greater or smaller than a reference angular size.
Two examples of angle stimuli with an angle size of 90 deg, one vertically and one obliquely oriented, are illustrated in Fig. 1 looked like an inverted "V", consisting of two bright [0.018 cd/m; see the section on calibration of Klein & Levi (1985) for details], thin, touching lines, each about 0.5 deg long. The stimuli were presented on an HP 1345A digital oscilloscope with a white P31 phosphor and a resolution of 2048 by 2048 pixels in an area of 8.5 cm vertically by 11.5 cm horizontally. The oscilloscope had a uniform dark background. The stimuli were generated by an Amiga computer through an AMIHP custom interface board. A circular aperture cut from a white square of cardboard was affixed to the screen. This circular aperture helped observers with fixation and prevented observers from using the vertical and horizontal edges of the rectangular oscilloscope as a reference. At the 3 m viewing distance, the visible part of the screen was a circle of 1.8 deg in diameter, the cardboard square subtended 5.2 x 5.2 deg, and 1 pixel subtended 3.8 by 2.8 sec arc. Background and stimulus luminance were measured with a Pritchard Spectra photometer. All stimuli were presented for 400 msec with an abrupt onset and offset. Timing characteristics were calibrated using a storage oscilloscope at the output of AMIHP board. All experiments were conducted with normal room illumination. Two paid undergraduate students (QV and TN), who were naive as regards the purpose of the experiment, and one of the authors (SC) served as observers. Both naive observers had previous experience with psychophysical experiments. All observers had or were corrected to normal vision; QV and SC had low degrees of myopia (<2.5 D), and TN is emmetropic.
Observers viewed the center of the display monocularly, while the nonviewing eye was occluded with a black patch. Head position was restrained using a chinrest and forehead bar. Angle discrimination thresholds were determined by a signal-detection rating scale method of constant stimuli (Levi & Klein, 1983 ) with visual feedback. The measurement of a threshold for one reference angle (one run) consisted of at least 10 practice trials followed by 125 test trials. There was no fixation target between or during trials; the observers were instructed to fixate on the center of the circular aperture. Observers initiated trials by pressing a button on the response box. After about a half second, a test angle was presented in the center of the circular aperture for 400 msec. The test angle in each trial was randomly selected from a set of five test angles which were evenly and symmetrically disposed around the desired reference angle. After the presentation of the stimuli, the observer rated the size of the displayed angle as one of the five test angles by pressing one of five buttons. The observer had the option of initiating a new trial without making a judgment if he/she did not properly attend to the stimulus or made an eye movement. Following the observer's response, visual feedback was presented for about 250 msec. The visual feedback consisted of a short vertical line displayed on the upper portion of the screen. The horizontal location of the line indicated the relative size of the previously displayed angle. Although the observer's task was to categorize or classify the perceived angular size of the stimulus, and there was no explicit reference angle provided, it is possible for observers to establish an accurate internal reference based on feedback. In a pilot experiment, we found that angle discrimination performance in one observer (SC) was not improved by providing either an explicit spatial or a temporal reference [see also Snippe & Koenderink (1994) ].
All observers received extensive practice (at least 540 trials for each angle size) at performing the angle discrimination task, prior to data collection. The predetermined angular separations between the neighboring test angles were derived on the basis of pilot data so that the d' for the smallest increment would be about 1. The angular separations were varied, depending on which reference angle and which observer was to be tested, in the approximate range of 0.5-3.5 deg. To prevent observers from using the separation between the two line endpoints as a cue, the length of both lines was randomly varied by the same amount between 0.45 and 0.55 deg arc from trial to trial. Observers were instructed explicitly to judge the angle size rather than the end-point separation. Threshold estimates were obtained using the ROCFLEX signal detection analysis program (Klein & Levi, 1985) , which makes a maximum-likelihood estimate of the d' values for each stimulus and constructs a psychometric function relating d' to the angular separation. Thresholds were obtained by interpolating to a d' of 1 (corresponding to 84% correct) from psychometric functions where the exponent or slope of d' vs angle was held to be 1. In most cases the d' for the smallest increment was in the range of 0.8-1.2. Data sets with d' > 1.4 (tasks were too easy) or d' < 0.6 (tasks were too difficult) were discarded. The final results were the average of at least three runs weighted by the inverse standard error (Klein, 1992) .
Discrimination thresholds for 12 reference angles (15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165 and 180 deg) were measured for angles presented in two orientations: one centered about vertical, the other centered 45 deg from vertical (tilted) (Fig. 1) . Testing order was randomized•
Results and discussion
In this experiment, our observers had to indicate whether an angle was larger or smaller than the implicit reference angle. If angle discrimination is based on discrimination of the orientations of the two bounding lines, we would expect that angle discrimination should depend on the orientation of the bounding lines and show an oblique effect. Since orientation discrimination curves are roughly symmetrical around the two oblique (45 and 135 deg) and two principal meridians (90 and 180 deg) (Heeley & Timney, 1988; Orban et al., 1984a) , the curves of angle discrimination vs angle size for vertical and tilted angles should be symmetrical around the angle of 90 deg, but out of phase. This hypothetical prediction is illustrated schematically in Fig. 2 , which shows a peak and a valley at the angle of 90 deg for the vertical and tilted angle respectively (Fig. 2) . Alternatively, if angle discrimination depends on angle size rather than line orientations, the angle discrimination thresholds measured for vertical and tilted angles should be the same, and the two curves in Fig. 2 would overlap.
In Fig angles• Obviously, the overall curve pattern in Fig. 3 is quite different from that of Fig. 2 . Instead of being the inverse of each other (Fig. 2) , the curves for the vertical and tilted angles show very similar shapes---they both increase from 15 to about 150-160deg (except at 90 deg), and then decrease to 180deg. Though the shapes of the curves for the vertical angles look more similar to that in Fig. 2 , they are different in two aspects. First, there is a dip at the angle of 90 deg (more evident in observers SC and QV). This dip is not expected because orientation acuity is usually worst at 45 and 135 deg meridians (Heeley & Timney, 1988; Orban et al., 1984a) . Second, the curves are not symmetric about the right angle (90 deg), showing higher thresholds at obtuse angles than at the acute angles. Thus, based on the overall Primacy of dependence on angle size rather than line orientation A major concern of this experiment is whether angle discrimination depends on the orientations of the bounding lines or angle size or both. This question can be answered by examining the iso-angle (same angle size, different orientation) and iso-orientation (same orientation, different angle size) pairs (see Fig. 1 ). If angle discrimination depends completely on angle size, the threshold should be the same for iso-angle pairs. If angle discrimination depends completely on its line orientations, the threshold should be the same for iso-orientation pairs. The vertical and tilted angles of 15, 75, 90, 105, 165 and 180 deg are useful iso-angle pairs for the present purpose because the line orientations of these angle pairs are near the vertical or horizontal meridians in one case and near oblique meridians in the other case, and if there is any dependency on orientation, it is most likely to show in those angle pairs. By inspection of these curves (Fig.  3 ), it appears that the thresholds for the vertical and the tilted angles are very similar except around the angle of 90 deg. A paired t-test with pooled data across observers confirms this impression: the difference between the thresholds of vertical and tilted angles is significant only at 90 deg (P < 0.001). These results suggest that angle discrimination depends primarily on angle size, with the exception of 90 deg. A further examination of the isoorientation pairs also supports this notion. For example, although the vertical 15 and 165 deg, tilted 75 and 105 deg (illustrated in the lower panel of Fig. 1 ) have similar component orientations, the thresholds are substantially lower for the vertical 15 deg angle than other angles in the iso-orientation pairs for all three observers.
Weber' s law for angle?
Since angle discrimination depends primarily on angle size, we now pursue further the question of whether angle discrimination follows Weber's law----the proportionality between the discrimination threshold and the stimulus magnitude [see Laming (1986) for a review]. Weber's law is prevalently found in the spatial position domain, i.e. bisection, separation (length), and alignment discrimination task [see Burbeek (1991) ; Levi & Klein (1990 , 1992 for reviews]. Figure 3 indicates that there may be a Weber's law for angle discrimination. If we ignore the data near 90 deg for the moment, it is clear that the threshold increases with angle size up to 135-150 deg, which roughly follows Weber's law. Furthermore, even for the decreasing portion of the curve (150-180 deg), angle discrimination may follow Weber's law if we consider 180 deg as 0 deg and define the angle size as the complement of the angle, i.e. how many degrees the stimulus deviates from a straight line. We propose that angle discrimination generally follows Weber's law, however, Weber's law fails near 90 deg. Based on this assumption, the data are fit with two linear functions:
where A~, the dependent variable, is angle discrimination threshold; ~, the independent variable, is the angle size; k I and k2 are the slopes of the linear increasing and decreasing functions; ~1 and 0c2 are the angle sizes at which the two linear functions intersect with the x-axis; ~o is the angle size where the two linear functions intersect with each other. Because data at 90 deg for observers QV and TN, and at 90, 95 and 100 deg for observer SC obviously deviate from the linear function, they were not included for fitting, and because the thresholds for the vertical and the tilted angles are so close, they were fit by the same function. The data were fit separately for each observer and the estimates of the parameters, where all except ~2 were free to vary, are given in Table 1 . These fits are shown as the solid lines in Fig. 3 , and the fits look reasonably good (as indicated by X 2 and by the parameter error estimates). For all three observers, slope k2 is steeper than slope kl, suggesting that two different mechanisms may be involved. Note that for all observers the constant 0~ 1 and ~2 + 180 deg are not zero. Originally, Weber's law was defined as A~/~ = k, where k is a constant. However, there are many violations of Weber's law. Fechner (1860) found that in some cases A~/(a + fl) = k, where fl is a small constant, gave a better fit to sensory discrimination data. Early studies on visual separation discrimination (Volkmann, 1863) also reported that fl was not zero, and Fechner took this to indicate an irreducible error of adjustment of visual extents which he called Volkmann's Constant. This Volkmann's Constant is expressed as k1~1 and k2(a2 + 180 deg) in Table 1 . Thus, in terms of increase in threshold with stimulus magnitude, our data can be empirically approximately described by Weber's law despite the nonzero value of al and ~2 + 180 deg (though other function, e.g. power functions, may also fit our data well, see our Discussion). Note also that the strict proportionality (fl = 0) in Weber's law for position has a meaningful consequence--scale invariance: we can increase or decrease the viewing distance without altering the observer's perception of the stimulus (Koenderink, 1977) . However, the significance of strict proportionality in Weber's law for angle is not so clear because angle size itself is a scale invariant property.
Data at right angle (90 deg)
In general, our data seem to be fit reasonably well with two linear functions (Weber's law) and angle discrimination depends primarily on angle size rather than line orientations. However, thresholds at 90 deg (right angle) obviously deviate from Weber's law and depend more on the line orientations. For all three observers thresholds are substantially worse when the two components of the angles fall in oblique meridians (vertical right angle) than when one component falls in the vertical and the other in the horizontal meridian (tilted right angle). To see whether this oblique effect also exists for angles near 90deg, additional data (95 and 100 deg angles both vertically and obliquely oriented) were collected for observer SC. We can see that as the angle deviates from 90 deg, the magnitude of the oblique effect is reduced [ Fig. 3(A) ]. This result suggests that as an exception to Weber's law for angle, there is an orientation regime near the angle of 90 deg in which threshold depends on orientation rather than angle size.
Another feature of the data near 90 deg is that the thresholds at the vertical 90 deg angle (with the bounding line oriented 45 and 135 deg obliquely) are lower than the thresholds at the vertical 75 and 105 deg for observers SC and QV. This lower threshold at angle vertical 90 deg is not expected from the meridional anisotropy in orientation discrimination: discrimination is best at 0 and 90 deg and falls monotonically to a minimum at 45 and 135 deg (e.g. Orban et al., 1984a,b; Heeley & Timney, 1988) . However, Regan and Price (1986) reported that orientation discrimination performance for gratings falls periodically, rather than monotonically, which result in the worst threshold occurring at angles other than 45 and 135 deg. The periodicity in orientation discrimination was attributed to a limited number of broad bandwidth orientation-sensitive neural elements. Similarly and more relevant to the present study, Onley and Volkmann (1958) found that the precision of adjusting a line to be perpendicular to a reference line was the highest when the reference line was oriented vertically or horizontally, and the lowest precision occurred at oblique orientations adjacent to 45 and 135 deg rather than at 45 and 135 deg. This result was accounted for by a primary set of internal orientation references at 0 and 90 deg, and a secondary set of references at 45 and 135 deg. Our data verify this early observation.
In summary, our data suggest two regimes in angle discrimination. In the Weber's law regime, angle discrimination depends primarily on angle size and is almost invariant of line orientations. In the orientation regime (near the angle of 90 deg), angle discrimination depends on line orientation and shows an oblique effect.
EXPERIMENT 2: LINE ORIENTATION DISCRI-MINATION
In Experiment 1, we assumed that there were oblique effects in orientation discrimination for our observers, and showed that angle discriminations did not depend on the orientations of the bounding lines (with the exception of angles near 90 deg) and therefore concluded that there was no oblique effect for angle discrimination. However, previous studies showed that the magnitude of the oblique effect in line orientation discrimination depends on several factors. The oblique effect decreases with practice (Vogels & Orban, 1985) , decreases with decreasing line length (Orban et al., 1984a) , and is strongly reduced in peripheral vision (Vogels et al., 1984) . One purpose of Experiment 2 is to demonstrate that our observers do in fact show oblique effects in line orientation discrimination with our stimuli and paradigm. The second purpose of Experiment 2 is to attempt to make quantitative predictions about angle discrimination thresholds based on orientation discrimination performance, and to compare the predicted thresholds with the measured thresholds.
Methods
The apparatus, observers, and the procedure were exactly the same as those of Experiment 1. The only difference was that the stimuli contained only one line of the angle. As a consequence of preserving the same stimulus location as in Experiment 1, the single line was not presented at the center of the circular aperture. The observers, however, were still instructed to fixate at the center of the screen to keep the retinal location of the stimulus the same as in Experiment 1. The line lengths were also jittered randomly from trial to trial as in Experiment 1. The same signal-detection rating scale method was used to determine thresholds. The line orientation on each trial was randomly selected from a set of five test orientations which were evenly and symmetrically disposed around the desired reference orientation. The observer's task was to rate the line orientation by pressing one of five buttons. Note that although this multiple response classification paradigm [see Graham (1989) for definition] has been used extensively in measuring hyperacuities such as vernier and bisection tasks (Klein & Levi, 1985; Levi & Klein, 1983) , this seems to be the first time that it was applied to the orientation task. Different paradigms may affect the decision rule, which can result in different thresholds (Johnson, 1980) . However, previous studies showed that a single interval recognition task and a two-interval forced choice task yielded similar orientation discrimination thresholds for vertical stimuli (Heeley & BuchananSmith, 1990) , and orientation discrimination anisotropy cannot be simply attributed to decision factors (Vogels & Orban, 1986 Angle (deg) 142.5deg) which correspond to the bounding line orientations of the vertical and the tilted 15, 90, and 165 deg angles.
Results
As expected, all three observers demonstrated oblique effects in line orientation discrimination. Figure 4 shows the discrimination thresholds plotted as a function of orientation for three observers. All observers showed better orientation discrimination thresholds for vertical and horizontal orientations than for the oblique orientations, confirming previous studies of line orientation discrimination (Heeley & Timney, 1988; Orban et al., 1984a) . However, the magnitude of the oblique effect was quite different among observers. Similar variation in orientation acuity among observers was reported previously (Heeley & Timney, 1988) . The thresholds for observer SC are in close agreement with the averaged thresholds of a previous study by Heeley and Timney (1988) who used a line length of 2.5 deg arc and a temporal two-alternative forced choice (2AFC) paradigm. The thresholds estimated by Orban et al. (1984a) , however, were higher than the present study, although under one of their conditions the same line length (0.5 deg arc) was used. The higher thresholds might be due to the dimmer background and stimuli used in their study.
One of the major questions of Experiment 2 was whether angle discrimination thresholds can be predicted from orientation discrimination thresholds. To make such predictions, a simple two-stage model was constructed.
[The present statistical model should be distinguished from the two-stage model proposed by Bowne (1990) ]. In the first stage, the orientations of the two hounding lines are extracted in parallel, but independently of each other (as if only one line were presented). The orientation of each line might be extracted by the weighted mean of all orientation selective channels at each line location (Coltheart, 1971; Howard, 1982) , but the detailed mechanism underlying line orientation extraction is not our major concern in the present study. At the second stage, the two orientation signals are combined to compute (by subtraction) the angle. The precision of angle discrimination is assumed to be limited by the signal-noise ratio at the stage of orientation coding, and the noise that perturbs the output of the combination process is assumed to be smaller and thus not the limiting factor. Now, suppose that the noise or variances in the orientation coding are t 2 and t22 for the two bounding lines that form the angle, t 2 and t 2 are assumed independent of each other. From basic statistics, the variance of the angle coding would be t 2 --t 2 + ~. Therefore, the predicted threshold for angle discrimination is:
The main finding of our experiment is that angle discrimination thresholds cannot be predicted from orientation discrimination thresholds, except for angles with bounding lines at or near horizontal or/and vertical meridians. Figure 5 shows the predicted and measured angle discrimination thresholds for our three observers. The white bars represent the actual measured thresholds and the gray bars represent the predicted thresholds. A summary figure showing the mean ratio of the measured/ predicted threshold is shown in Fig. 6 . For all observers, the measured thresholds were lower than the predicted thresholds for vertical 15 and 90 deg angles and tilted 15 and 165deg angles. However, the measured and predicted thresholds were very similar for the vertical 165 deg angle and tilted 90 deg angle; in these cases, the orientations of the bounding lines were at or near the horizontal and/or vertical meridians. This similarity between the measured and predicted thresholds at these angles indicates that the angle size may be extracted in a manner like that described in Eqn (2), but it rules out the possibility that angles are computed by performing orientation discrimination of a single line because otherwise angle discrimination thresholds would be a factor of two higher than orientation discrimination thresholds (i.e. a 1 deg change in angle would result in 0.5 deg change in each line's orientation).
What are the predictions for stimuli of the same angular size but with different line orientations? By comparing the predicted thresholds between the vertically and obliquely oriented angles, we can see that for all observers the predicted thresholds were better when the line orientations were near the principal meridians than near oblique meridians (Fig. 5) . These predicted results are not in agreement with the measured results, except for 90 deg angles. Note that although the predicted and measured thresholds are similar for the tilted 90 deg angle, the predicted threshold for the vertical 90 deg is substantially higher than that measured. Consequently, the magnitude of the oblique effect was much smaller for the measured thresholds than for the predicted thresholds [see also ]. *It is less likely for our observers to judge the absolute orientation rather than angle size in the Experiment 1 because the orientations of both bounding lines varied as angle size varied.
In summary, angle discrimination thresholds cannot be simply predicted from orientation discrimination in most cases. However, the thresholds for right and obtuse angles with their bounding lines at or near the horizontal and vertical meridians can be predicted reasonably accurately from orientation discrimination thresholds.
Here the precision of orientation discrimination may set a limit on angle judgments.
EXPERIMENT 3: ANGLE DISCRIMINATION WITH ORIENTATION RANDOMIZATION
This experiment serves as a control. In our Experiment 1, angle stimuli were presented at a fixed orientation throughout a run. A potential problem may arise with this kind of presentation because the line orientations covary with angle, and observers may judge orientation instead of angle.* This is especially true if the visual system is more sensitive to changes in orientation than in angle. Therefore, introduction of a trial-to-trial randomization in the overall stimulus orientation may be necessary to measure thresholds for angle discrimination per se. Indeed, Snippe and Koenderink (1994) found that for angles made of dots, angle discrimination thresholds were significantly impaired by orientation randomization. The main purpose of this experiment was to determine the effect of orientation randomization on discrimination of angles made of lines rather than dots. Besides, the question of whether angle discrimination is susceptible to orientation jitter itself is very interesting. If angle discrimination thresholds are not affected by orientation jitter, then angle judgments must be made at a level of representation beyond the initial filter stage, where the angle size has been made explicit.
Methods
The apparatus, stimuli, and procedure were the same as in Experiment 1, except that the orientation of the angle was varied randomly up to _+ 6 deg around the sfimulus's nominal orientation for each trial. A complete set of measurements was conducted on observer SC. The measurements consisted of 12 angular sizes, each tested under four conditions: vertical angle with and without orientation randomization, tilted angle with and without orientation randomization. These four conditions were tested in a random order and on the same day for each angle. For observers QV and TN, thresholds were measured at a subset of the twelve angles and two orientations with orientation randomization.
Results and discussion
In contrast to the previous finding with angle stimuli made of dots (Snippe & Koendcrink, 1994) , we found that the introduction of random jitter of orientation did not change the shape of the angle discrimination function, though the thresholds were elevated slightly in some cases, especially for angles >90 deg. The data of one observer (HS) from the study of Snippe and Koenderink (1994) are also plotted in Fig. 7(C) . Note that their definition of stimulus orientation is different from ours. For example, in their "Horizontal" condition, one arm of the angle is always near horizontal, while the other arm is rotated at an angle from this horizontal reference.
without orientation jitter. The solid line again is the curve fitting with Eqn (1). We can see that for both vertical and tilted angles, the shapes of the curves are very similar, and the thresholds are almost the same for acute angles. At several obtuse angles and near right angles, the thresholds are slightly higher with random jittering of orientation, for both vertical and tilted angles. To assure that the amount of jitter (+__ 6 deg) used in this experiment was sufficient to eliminate absolute orientation cues, we measured both angle discrimination for the tilted 90 deg angle and orientation discrimination at 90 deg with jitter ranging from 0 to 18 (leg. Orientation discrimination was measured by turning off one arm of the angle stimuli. The result is shown in Fig. 9 . In the absence of jitter, the thresholds for angle discrimination and orientation discrimination are about the same, suggesting that angle discrimination is not based on the absolute line orientation judgment (otherwise angle discrimination threshold would be twice the orientation discrimination threshold since angle size was changed by varying both line orientations in our experiment). With a small amount of jitter (up to + 6 deg), angle discrimination thresholds were hardly elevated, but orientation discrimination thresholds increased rapidly with the amount of orientation jitter. We can draw two conclusions from this result. First, the amount of jitter (± 6 deg) used in this experiment was sufficient to prevent observers from judging absolute line orientation (since orientation thresholds were elevated by about an order of magnitude, with almost no effect on angle thresholds); second, angle discrimination derived from the method of changing angle size by varying the orientation of both lines is a valid measurement of angle discrimination threshold per se [see also Regan et al. (1996) ]. However, as orientation jitter increased beyond about 6 deg, angle discrimination thresholds were also elevated. At least three factors may contribute to the threshold elevation observed at several angles. First, it is well documented that the perceived size of an angle varies with orientation (Wenne & Held, 1966) . Horizontally and vertically oriented acute angles were reported to appear larger than obliquely oriented angles of the same size (Emerson et al., 1975; Lennie, 1971) . This bias tends to increase with line length and angular size (Hakiel, 1978) . For a 45 deg angle comprising lines 0.6 deg long, the obliquely oriented angle was reported to appear 6 deg smaller than the vertically and horizontally oriented angles (Hakiel, 1978) . The perceived angular size for right angles was also found to vary with orientation, with a direction and magnitude that depends on the subject (Onley & Volkmann, 1958) . Unfortunately, no data are available for obtuse angles. Since only a small range of orientation jitter (_6deg) was introduced in our experiment, the change in the perceived angle size was minimized. The second possibility is: introduction of orientation jitter also introduces an extrinsic uncertainty effect; that is, an angle is less discriminable when an observer is uncertain about which orientation the stimulus is going to present than when he/she is certain about it. It is well established that extrinsic uncertainty about the spatial position and spatial frequency of visual stimuli can decrease an observer's detection performance (Cohn & Lasley, 1974; Graham, 1989) . A recent study demonstrated that stimulus uncertainty can also affect suprathreshold contrast and spatial frequency discrimination judgments (Greenlee & Thomas, 1993) . In this experiment, when a stimulus is presented in one of several possible orientations, the observer may have to either split his/her attention to monitor these possible orientations, or anticipate one possible orientation which might be wrong. Both strategies would result in the threshold being elevated. Note that the total jitter range used in our experiment was rather small (+6 deg) compared with the orientation tuning bandwidth which varies from +15 to +30 deg, depending on spatial frequency (DeValois et al., 1982; Phillips & Wilson, 1984) . Thus, the "uncertainty effect" (if any) observed in this experiment may not be due to the inadequate attentional monitoring of low-level orientation selective channels. Furthermore, uncertainty should affect all angles equally, but the results indicate that orientation jitter primarily degrades discrimination only at large angles. The third possible explanation of threshold elevation is, as mentioned above, without a trial-to-trial randomization of orientation, the observer may use the orientation as a cue to judge angle. Introducing orientation jitter forces the observer to judge angle rather than orientation. One way an observer might use the orientation cue is to judge the absolute orientation of one of the lines (to which he/she is more sensitive). This strategy is more likely if one of the line orientations is fixed as a reference and angle size is varied by changing the other line's orientation. However, in our Experiment 1 the orientations of both bounding lines were changed as the angle size varied. Alternatively, an observer may judge both line orientations, and combine the orientations in the manner described by Eqn (2) described in Experiment 2. Note that this strategy should be applicable to angle discrimination even if the stimulus orientation is jittered. However, this possibility may explain the threshold elevation when the bounding lines are oriented 0 and/or 90 deg, e.g. the tilted right angle. This is because a striking feature of the threshold vs orientation curve is the precipitous fall of orientation discrimination sensitivity for orientations only a few degrees away from horizontal and vertical (Regan & Price, 1986) . Thus, as a few degrees of orientation jitter ( + 6 deg) are introduced in angle discrimination, on some trials the orientation of the bounding line would be oriented more obliquely than without orientation jitter. Therefore, the threshold elevation in this case may be due to the more oblique orientation rather than jitter per se.
In summary, the threshold elevation produced by orientation jitter may be a result of multiple factors. In any case, the elevation is small and would not change the conclusion drawn in Experiment 1. The fact that angle discrimination thresholds are affected little by orientation jitter suggests that the angle judgments are made at a level of representation at which the angle size has been made explicit.
GENERAL DISCUSSION
Parts vs whole
In a sense, our results, that angle discrimination depends primarily on angle size rather than line orientation, are in accord with the Gestalt psychologists' famous phase: "The whole is more than the sum of its parts." It was realized very early by Gestalt psychologists that shape (a global property) does not inhere in parts such as points and contour boundaries, but is based upon the geometrical spatial relationships among points or contour boundaries (Ehrenfels, 1890; Koffka, 1935 ; cited by Rock, 1986) . According to this view, the spatial configuration of the two oriented lines leads to an emergent whole property--an angle, which is a simple shape. The perceptual representation of an angle is therefore different from--and not reducible to--the sum of its parts. Instead, the perception of an angle has much to do with the manner in which the two oriented lines relate to each other, i.e. how much one line is rotated away from another line. This notion is consistent with the current finding that angle discrimination depends primarily on the angular size rather than the line orientations, except for angles near 90 deg. It therefore follows that the process of combining information from the oriented two lines to form an estimate of an angle is not simple.
Our results are also compatible with a recent study on a visual search task in which a line segment of unique orientation (target) was identified among line segments of two other orientations (distractors) (Wolfe & FriedmanHill, 1992) . According to the similarity concept (Duncan & Humphreys, 1989) , visual search should be easier when the orientations of distractors are similar. However, when the similarity of the distractor orientation is reduced by increasing the distractor-distractor angle, and when the target-distractor angle is smaller than the distraetor-distractor angle, visual search is parallel and faster. This result can not be simply explained by the concept of orientation similarity, rather, the fast, parallel search of a different angle suggests that angle (even without apex) is a salient global feature in visual search.
Two regimes for angle and separation discrimination
One of our main findings of this study was two regimes for angle discrimination: A main angle-dependent or "Weber's law regime" in which threshold depends primarily on angle size rather than line orientation and a minor orientation-dependent regime near 90 deg in which threshold depends on line orientation. The Weber's law regime can be divided further into two sub-regimes: One in which threshold increases linearly with angle size up to about 150 deg (the "first Weber's law regime"), another starting at 180 deg (straight line) with the threshold increasing linearly as the two bounding lines turn away from the straightness (the "second Weber's law regime") (Fig. 2) . These two regimes in angle discrimination appear to be comparable to the two regimes reported in the extensively studied spatial interval discrimination task, i.e. separation and bisection. Separation discrimination is more relevant to the present study because the task is more similar: observers judge the relative position (distance) instead of angle between the two elements. With stimuli presented on an isoeccentric arc, a Weber's law regime and an eccentricity regime were revealed by measuring separation discrimination thresholds (Burbeck & Yap, 1990; Levi & Klein, 1990) . When the separation of the isoeccentric test lines is small with respect to the eccentricity, thresholds are proportional to the separation of the lines (Weber's law regime); When the separation is comparable in size to the eccentricity, positional thresholds are proportional to the target eccentricity, and are essentially independent of separation (eccentricity regime). Our results in the two-dimensional orientation domain complement the findings of two regimes in the one-dimensional position domain. The orientation regime in angle discrimination and the eccentricity regime in separation discrimination are clearly different since the former depends on orientation and the latter depends on eccentricity. The Weber's law regime in angle and separation, however, share some similarities. In the first Weber's law regime, the overall separation (or area bounded by the two lines but not line ends separation, because line length is jittered) between the two lines of an angle covaries with angle size. Thus, it is possible that angle discrimination might be based upon position sensitive mechanisms. More specifically, observers may perform separation discrimination by comparing the separation at a fixed height from the apex. Since the Weber fraction for position (Ax/x) is a constant, the fixed height can be chosen arbitrarily without affecting the angle discrimination threshold. This means that angle discrimination should be independent of line length. Indeed, a previous study of angle discrimination without jittering line length reported that angle discrimination was independent of line length (Hakiel, 1978) . However, our preliminary results with line length jitter indicate that angle discrimination threshold decreased as the line length increased. Therefore, with our current paradigm, it is unlikely that angle discrimination is based on separation discrimination.
Mechanisms underlying angle discrimination
Although the tasks of angle discrimination and separation discrimination are essentially different, some ideas proposed to account for position discrimination may be generalized or modified to account for angle discrimination. To reconcile the two regimes found in position judgments, Levi and Klein (1989) assumed that for any combination of separation and eccentricity, the TABLE 2. Actual parameters used to fit data in Fig. 3 are perfectly correlated, the slope will be 1.0. To see whether this hypothesis applies to our data, the data in Fig. 2 were fitted with two power functions, one for the increasing part of the curve and one for the decreasing part of the curve in Fig. 2 :
As = c{c/(1 +c)(180-a)/(180-So)} more sensitive of the two mechanisms determines the threshold. Similarly, we propose that in angle discrimination, for any combination of angle size and orientation, the more sensitive of the two mechanisms will determine the threshold. In the eccentricity regime, the threshold was limited by the precision of locating the two elements, i.e. determined by the spatial sampling grain of the visual system (Levi & Klein, 1989 , 1990 , or uncalibrated neural disarray (Hess & Field, 1993; Wilson, 1991) . It is assumed that once the position of the two elements is located, there is little error in the subsequent internal measurement of the separation. Likewise, in the orientation regime, the angle discrimination threshold may be limited by the precision in determining the orientations of the bounding lines. Corresponding to the factors limiting position precision, possible limiting factors in limiting orientation precision are: the sampling grain in orientation domain and the bandwidth of orientation tuning. An additional factor which may be important in the orientation domain is the internal representation of orientation.
To account for the threshold increase in the Weber's law regime for position where threshold depends on separation rather than eccentricity, several hypotheses have been proposed. For very small separations (<10 min arc), the simple single size-tuned filter model seems to fit data well (e.g. Klein & Levi, 1985; Levi & Klein, 1983; Wilson, 1986) . The key notion is that there is a range of size-tuned filters in the visual system, and as the separation increases, progressively larger filters, which have shallower sloped weighting functions, will be optimally sensitive to the change in separation. As a consequence, the threshold increases with separation. This model may also predict correctly that angle discrimination threshold increases with angle size [see also Wilson & Richards (1989) for curvature discrimination]. However, since angle discrimination threshold is altered little by random jitter of orientation (especially for small angles), the differential responses generated by the size-and orientation-tuned filters would not be useful.
The second model proposes that the separation between targets is calculated by stepping from one target to the other, counting the steps as one goes (Burbeck & Yap, 1990) . If each step has equal error and the steps are independent, then the hx vs x function will have a slope of 0.5 on log-log axes (equivalent to Ax oc v/n). If the steps are not independent but positively correlated, the slope will be >0.5. If the steps are not independent but negatively correlated, the slope will be <0.5. If the steps
where As is angle discrimination threshold, and ~ is angle size, c is a constant, and % is the angle size where the two curves intercept, and kl and k2 are the exponents of the two power functions. Note that a constant c/(1 + c) is added to the power function that fits the decreasing part of the curve because it is clear from inspection that the thresholds at 180 deg are not close to zero. When 0t = %, the two power functions share a common value of c. Data at 90 deg for observers QV and TN, and at 90, 95 and 100 deg for observer SC were excluded from the fitting, and the thresholds for the vertical and the tilted angles were fit using the same function. The data were fit separately for each observer and the estimates of the parameters are given in Table 2 . The mean exponent (averaged over observers for both increasing and decreasing limbs) was 0.49+0.05, not significantly different from 0.5. Only one observer's exponent was significantly <0.5 (for SC the increasing function). An exponent smaller or greater than 0.5 indicates the errors in the individual steps were negatively (canceling each other) or positively correlated. Thus, our data seem to be consistent with the step-increment model. This model is attractive because it is physiologically plausible. Neurophysiological studies reveal a modular structure and columnar organization in the primary visual cortex (V1) in both cat and monkey (Hubel & Wiesel, 1962 , 1974 ). An orientation hypercolumn contains ceils sequentially arranged and tuned to the full range of orientations. The pattern of activity across the orientation columns in visual cortex has been proposed to account for the perceived orientation of visual contours (Paradiso, 1988) . Here, we propose that one way to calculate angle size is to count the number of neurons between the peak activity across the hypercolumns. The third idea was proposed by Morgan and Watt (1989) to explain their arc length discrimination data. They proposed that Weber's law for spatially separated features might result from higher level processing constraints, i.e. memory, or higher representational and internal reconstruction processes. Levi and Klein (1989) suggested that this may be true for certain tasks (e.g. arc length) which are constrained by the cognitive demands of the task rather than by sensory limitations. A possible site of such higher level neuronal processing is the inferotemporal cortex (IT), a brain structure that is thought to be essential for object vision [see Tanaka (1993) for a review]. As in V1, IT is organized in columnar modules in which cells with overlapping but slightly different selectivity cluster together. However, the critical features that are required to activate the IT cells are more complex (e.g. triangle, circle, and square) than orientation and spatial frequency (size), which are known to be extracted and represented by cells in V1. Compared with other hyperacuity tasks (e.g. vernier alignment, bisection), the angle discrimination task is rather difficult: both line length and orientation are jittered, and there is no stable internal reference except for the angle of 180deg and the tilted 90deg. Furthermore, angle discrimination thresholds are immune from orientation jitter in our study, and the thresholds for our two observers QV and TN are rather high. Because of these factors we can not exclude the possibility proposed by Morgan and Watt. To explain the Weber's law for angle with this notion, one must assume that the precision of high level representation of angle size increases with angle; however, it is not clear how this explanation would lead to an exponent near 0.5.
Angle discrimination in the second Weber's law regime may share a common mechanism with curvature discrimination at low curvatures. Intuitively, discrimination at low (gentle) curvatures might be processed by units with larger receptive fields than discrimination at sharp curvatures. However, Wilson and Richards (1989) showed that discrimination thresholds at low curvatures were not affected by high-frequency bandpass-filtering, but were substantially elevated by low-frequency bandpass-filtering, suggesting high-spatial-frequency (small receptive field), orientation-selective mechanisms dominate low curvature processing. Therefore, they proposed that gentle curvatures were estimated by comparing orientations at points displaced a fixed distance along the tangent to the curve. This estimation is essentially a computation of obtuse angle. It would be interesting to see how ban@ass frequency-filtering affects angle discrimination.
Comparison with other studies
Although extensive studies have been conducted on the perceived angular size (constant error, or bias) (see Howard, 1982) , relatively few studies exist in the literature about the precision of angle perception. Hakiel (1978) measured angle discrimination thresholds for acute angles between 15 and 60 deg at a couple of stimulus orientations and with different line lengths. The thresholds were measured in the presence of a reference angle. A potential problem with this study is that neither the angle orientation nor the line length were randomly jittered (see our discussion on Two regimes for angle discrimination). For all stimulus orientations and all line lengths, Hakiel found that the angle discrimination threshold increases with the size of the angles to be compared. In agreement with the present findings, angle discrimination was independent of angle orientation. He concluded that angle discrimination thresholds are not determined simply by the combined orientation acuities for the lines comprising the angles [see also ]. However, a more recent study (Snippe & Koenderink, 1994 ) using angles made of dots showed that angle discrimination can be well understood from the meridional anisotropy for orientation discrimination of the orientation that defines the angle. Observers in their study did not even show any special sensitivity to angles of 180 deg (straightness). Also, their thresholds for angle discrimination are much higher than ours. This difference is presumably due to the different stimuli used (i.e. lines vs dots, different amount of jitter in line length and orientation). Recently, Regan et al. (1996) measured angle discrimination thresholds at angles between 20 and 160 deg. They employed precautions to prevent observers from judging absolute line orientation and separation between the line endpoints. They found that angle discrimination cannot entirely be explained by line orientation discrimination, which is consistent with our results. However, their results showed that the curve of angle discrimination threshold vs angle size was approximately flat between angles of 20 and 160 deg. Therefore, no Weber's law for angle discrimination was found with their experimental conditions. However, they used very large amounts of jitter for both the overall stimulus orientation (+ 15 deg) and line length (+ 30%). As evident in our Fig. 9 , + 15 deg of orientation jitter not only eliminates the orientation cue, but also elevates angle discrimination thresholds. Thus, the large jitter effect (e.g. uncertainty effect) might have masked the Weber's law behavior of angle discrimination.
Implications and relation to meridional anisotropy in orientation discrimination
The rationale of this study is that if angle discrimination is based on the extraction of line orientation, angle discrimination should also depend on orientation since orientation discrimination depends on stimulus orientation. Although several suggestions have been proposed to account for the meridional anisotropy in orientation discrimination, most of them can be categorized according to two fundamental hypotheses. One hypothesis proposes that the meridional anisotropy results from the variation in the properties of orientation-selective neurons in the early stages (i.e. V1) of visual processing. The possible properties involved in causing the orientation anisotropy are orientation tuning (Andrews, 1967) , neuronal sensitivity (Rose & Blakemore, 1974) , and neuronal density (DeValois et al., 1982; Mansfield, 1974; Mansfield & Ronner, 1978; Orban & Kennedy, 1981; Rose & Blakemore, 1974; Saarinen & Levi, 1995) . An implicit assumption underlying this hypothesis is that orientation discrimination is limited by the noise in the initial filtering stage. If angle discrimination is also limited by the same noise in the initial filtering process, we would expect angle discrimination should also show an oblique effect. The fact that angle discrimination does not depend on orientation for most angle stimuli suggests that the orientation and angle discriminations may not be limited by the same noise in the early filtering stage (Heeley & Buchanan-Smith, 1994 ). An alternative hypothesis for meridional anisotropy is that observers can make better use of nonvisual cues, e.g. gravity and body axis, to aid orientation discrimination when stimuli are oriented horizontally and vertically than in an oblique meridian. The main evidence supporting this hypothesis comes from the finding that the meridional anisotropy in orientation discrimination appears to be linked to gravitational rather than retinal coordinates [BuchananSmith & Heeley (1993); however, see also Orban et aL (1984a) and Chen & Levi (1995) ]. According to this second hypothesis, the discrimination of orientation requires comparing the stimulus orientation with the internal representation of visual vertical and horizontal, and the neural coding of orientation therefore occurs at a higher level beyond the initial filtering operation. This notion provides a way to reconcile the different effects of orientation on angle and orientation discriminations. Orientation discrimination may be considered as a kind of angle discrimination in which one of the components of an angle is not explicitly presented, and the observer's task is to discriminate the angle formed by the stimuli and the internally represented vertical and horizontal (Buchanan-Smith & Heeley, 1993). Because angle discrimination thresholds increase with angle size at least for acute angles (Weber's law for angle), orientation discrimination thresholds should also increase as the orientation deviates from horizontal or vertical (oblique effect). Thus, both orientation and angle discrimination can be considered as relative orientation discrimination, differing only in the type of reference used. However, when an explicit reference line is presented, orientation (or parallelism) discrimination shows an oblique effect, though the effect is smaller and depends on the separation between the two lines (Andrews, 1967; Morgan, 1991) . One possible explanation for this oblique effect is that the internal reference is more precise than the neural coding of the stimulus reference (Heeley & Buchanan-Smith, 1990) so when stimuli are oriented vertically or horizontally, the test orientation is compared with the internal representation of horizontal or vertical rather than the neural representation of the reference. Alternatively, the early filtering process contributes to the orientation anisotropy in the parallelism discrimination, but not in the unreferenced orientation discrimination.
Summary and conclusion
The present study shows that while there is strong meridional anisotropy in line orientation discrimination, the discrimination of an angle consisting of two oriented lines depends primarily on angle size rather than line orientation. Following the two regimes found for separation discrimination, we suggest that two regimes also exist in angle discrimination: an angle-dependent, or Weber's law regime, and an orientation-dependent regime. In the orientation regime, the angle discrimination threshold may be limited by the precision in determining the orientations of the bounding lines. When our data in the angle-dependent regime were fitted with a power function, the exponents were close to 0.5, consistent with the use of a step-increment approach to calculate angle. Also, we showed that angle discrimination thresholds are quite robust to small amounts of orientation jitter, suggesting that angle judgments are made at a level beyond the filter representation at which the angle size has been made explicit.
